As one of the important odour sources, landfill sites have drawn more and more public attentions. Odour emissions from landfill sites depend on the waste buried, operation activities, running conditions, etc. A study for finding out all possible odorous compounds from a landfill was conducted by analysing of on-site gas phase samples and emission samples from a landfill leachate in Sydney, Australia using thermal desorbergas chromatographymass spectrometer (TD-GC-MS) and air serverthermal desorbergas chromatographysulfur chemiluminoscence detector (AS-TD-GC-SCD). 49 odorants were identified from emission gas samples collected from landfill leachate collection pipe and only 8 odorants were detected from flux hood emission samples of the collected leachate sample. This indicates that more sampling and measurement techniques are always better to acquire all possible pollutants from an unknown odour source. The contributions of these odorants to overall odour emissions were also calculated based on their concentrations and odour thresholds. The top 10 odorants from leachate transportation pipe include methyl mercaptan, ethyl mercaptan, m-xylene, H2S, CS2, 1,2,3,4-tetra-methylbenzene, p-xylene, 1,2,4-trimethylbenzene, ethylbenzene and α-pinene. They contributed more than 95% to the odour in the gas accumulated in the leachate collection pipe.
Introduction
Landfill is still the predominant disposal method to dispose solid industrial and municipal waste in most countries. After moving to a landfill site, piled and buried waste will emit landfill gases because of chemical and biodegradation of the waste under anaerobic condition. Besides greenhouse gases like CH4 and CO2, the toxic and health issues of the minor gas components such as volatile organic compounds (VOCs), volatile sulfur compounds (VSCs), etc. have drawn more and more public attentions. Odour also becomes an important issue as more and more complaints raised by residents living around the landfill sites.
Since 1980s, many researchers have tried to specify and quantify composition of emission gases from various landfill sites for disposal of municipal, industrial, construction and demolition, or mixture of different wastes. Table 1 summarised the key investigations that have been done in past 3 decades. It can be seen from these publications that:
(1) Some of the studies focused only on few specific compounds like reduced sulfur compounds (RSCs): e.g. [1] [2] [3] [4] , and most of other works paid more attentions on more complicate VOCs such as [5] [6] [7] [8] , etc.
(2) Investigation sample sources include ambient air, waste gas at different depths, vent well, emissions from cover soil, leachate, etc. Most of samples were collected from the ambient air above the landfill sites or at the boundaries. For ambient air sampling, different sampling heights had been used: 1m [2] , 1.5m [9] [10] , 2m [11] , or several different heights [12] . In some studies, even no specification can be found in some of their publications.
(3) Limited gas emission data had reported from the cover soil, landfill waste using dynamic flux hood [13] , static flux chamber [4] , flux box [14] , unspecified hood [5] , or wind tunnel [7] .
(4) Sampling method varied from researchers to researchers. Generally, gas phase sampling was conducted by using canister [15] [16] , single or multi-bed sorbent tubes, sampling bags, and liquid trapping.
Liquid trapping was used mainly for NH3 and H2S spectrophotometer analysis [17] [18] [19] . [20] also used liquidtrapping for sampling of VFAs. Several sorbent tubes had been used: activated carbon or synthetic carbon+silic gel [17, [21] [22] , Tenax or Tenax GR [9, 17, 23] , Porapak Q [17, 24] , Carbotrap 3000 [11] , and multi-bed sorbent [5, [13] [14] [25] [26] [27] .
Sampling bags were mainly Tedlar [1-3, 20, 24, 28-32] , Nalophan [5, [7] [8] [33] [34] , bioriented polyester [10] , or plastic [4] bags.
Other sampling methods used in other studies include diffusive sampler [34] , passive sampling [35] , and direct sampling to the μGC-MS in the field [35] .
(5) Component separation is almost all done by using gas chromatography (GC) for analysis of VOC and other compounds. However analytical method differed mainly by used sample processing procedures and detectors. The most often used detector for VOC analysis is mass spectrometer (MS), which made GC-MS the basic configuration for VOC analysis. Pulsed flame photometric detector (PFPD) was used for analysis of sulfur compounds [1] [2] [28] [29] . Other detectors include FID (flame ionization detector), PID (photoionisation detector), ELCD (electrolytic conductivity detector), ECD (electron capture detector), AED (atomic emission detector), SCD (sulfur chemiluminoscence detector), UV (UV detector) were also used in some studies.
In these studies, most of the sample processing procedures utilised thermal desorber (TD) when canisters, bags, or sorbent tubes samples were collected. So, the most frequently used instrument combination is TD-GC-MS [5, 9, 13-14, 16, 23-25, 27, 34] . In some cases when bag samples were collected, solid phase microextraction (SPME) technique was employed for GC-MS sample processing [6, 8, 19, 30, [32] [33] . [20] also used SPME to absorb VFAs from head space of liquid-trapping samples.
(6) H2S was also measured directly or indirectly (sampled to the bag before the measurement) by using Jerome gold film analyzer [3, 15, 31] in the field. (7) No leachate emission data had reported although leachate composition was reported after HPLC/GC-MS/FID analysis [39] , SPE/SPME/GC-MS, LC-MS, NMR, LC-NMR analysis [38] , or GC-MS analysis after liquid-liquid extraction [36, [40] [41] .
(8) VOCs and sulfur compounds were two major groups of compounds investigated. The number of detected compounds varied quite significantly from one publication to another not just because of the differences between landfill sites, but also because of what the investigators focused on, and the sampling and analytical techniques available for using during their investigation.
(9) Odorous compounds were specially spotted in some of the studies. [42] summarised the top 15 odorous compounds present in landfill gas ( Table 2 ). NH3 was measured by some researchers [19, 43] . As odorous compounds, H2S and/or up to 14 other sulfur compounds from landfill sites were reported by [3, 8, 17, 19, 24, 28-29, 31, 34, 37, 43-44] . Apart from 7 sulfides (DMDS, CS2, methyl propyl disulfide, allyl mercaptan, DMTS, allyl methyl sulfide, 1-propene-1-methylthio), 2 nitrides (trimethylamine and 2-methyl pyridine) were also thought to be the main odour emission contributors [8] .
Some of the VOCs and VFAs were also thought to cause the annoying odour at the landfill sites: alkylbenzene, terpenes and limonene [11] ; 2-butanone, α-pinene, tetrachloroethylenen, β-pinene, limonene, phenol and benzoic acid [34] ; acetic acid, 2,3-butanedione, ethyl acetate, α-pinene, and limonene [9] ; acetic acid and n-butyraldehyde [30] ], methyl butyrate, ethyl butyrate,propionate, butyric acid, limonene, and butan-2-ol [44] ; esters and ethyl butanoate [17] ; aldehydes, ketones, and esters [5] ; toluene, styrene, xylene, methyl ethyl ketone, methyl isobutyl ketone, butyl acetate, isobutyl alcohol, propionic acid, butyric acid, isovaleric acid, and valeric acid [20] . [26] specified odour contributors that included aromatic hydrocarbons, ketones, alcohols, sulfur containing compounds, pyridines, pyrizins, carvone, cyclic esters, and dioxolans. In this study, odorants emitted from the leachate of a municipal waste landfill site were investigated. The emission gas from the leachate transport pipe and emission gas from the leachate surface were sampled for TD-GC-MS and air server-TD-GC-SCD analysis. Based on the identified compounds, and their odour threshold (OT) values, contributions of the key odorants were calculated and ranked.
Methodology
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Sample collection
Field sampling activities included fugitive gas emission samples collected from the liquid aeration return pipe stretching out above the leachate dam; and liquid sample collected from the leachate storage dam.
Fugitive gas sampling
Fugitive gas samples were collected for VOC and VSC analysis. The samples were collected from the leachate aeration liquid nozzle of the liquid aeration return pipe stretching out above the leachate dam.
VOC samples were collected on-site using reconditioned Tenax TA sorbent tubes (Marks International). These samples were collected near the nozzle of the liquid aeration return pipe stretching out above the leachate dam. Calibrated sampling pumps (SKC AirChek 2000) were used to draw the gas phase stream through the sorbent tubes (collection rate 100 mL/min; duration 10 min; sample volume 1 L). VOC samples were collected in duplicates, each of which had two tubes connected in series to confirm if there is any potential breakthrough of analytes absorbed to the first sampling tube.
VSC samples were collected in duplicate into 5 L Tedlar™ bags utilising a lung sampler (collection rate 2.5 L/min).
Leachate and its emission sampling
A 5 L composite leachate sample was collected from the leachate storage dam into an amber glass bottle with no headspace. The sample bottle was kept refrigerated before the emission test. It was used to collect emission samples as the leachate dam was not safely accessible for emission sampling using flux hood chamber [48] or portable wind tunnel [49] surface source sampling device.
The emission simulation test of the leachate was conducted using a flux hood chamber in compliance with Australian Standard method [50] . This method was also approved by the Department of Environment and Conservation for sampling emissions from a surface area [51] . Prior to sampling, the flux hood chamber was seated on the leachate surface and purged with high purity nitrogen gas for 30 min at the flow rate of 5 L/min before the sampling. Duplicate bag samples (5L Tedlar™) were collected using a lung sampler (collection rate 2.5 L/min) for VSC analysis. Duplicate Tenax TA sorbent tube samples were also collected (collection rate 100 mL/min for duration of 30 min with total sampling volume of 3 L) for VOC analysis.
Analyses of VOCs and VSCs
Sorbent tube analysis was performed using an Ultra autosampler equipped thermal desorber (TD, Ultra + Unity II Markes International, UK)gas chromatographmass spectrometer (GC-MS, 7890A GC + 5975C Agilent Technologies) system. The thermal desorber was fitted with a general purpose graphitised carbon analyte focussing trap (U-T11GPC-2S, Markes International UK); the gas chromatograph was fitted with a low polarity DB-VRX (Agilent Technologies) capillary column (30m × 0.25mm × 1.4μm) for analyte separation; GC carrier gas was ultra high purity helium (1.8 mL/min). GC oven temperature was programmed initially setup at 50°C for 2 min then increased to 200°C with an increment of 15°C/min and held for 3 min. Analyte speciation was performed by the mass selective detector operating in continuous scan mode (35-335 m/z); NIST02 and NIST11 libraries were used for spectra matching and compound identification. Gas phase TO-17 standard (from Air Liquid) was used for calibration and quantification of some compounds, and all other compounds were quantified based on their peak area against toluene calibration factor.
VSC bag samples were analysed on the same day of the field sampling. Sample bags were directly sampled by an air server (AS, Markes International) coupled to a thermal desorber (TD) Unity (Markes International) and analysed by gas chromatograph (GC, Agilent Technologies) coupled to a sulfur chemiluminoscence detector (SCD, Agilent Technologies). The thermal desorber was fitted with a sulfur specific carbon molecular sieve analyte focussing trap (U-T6SUL-2S, Markes International UK). A DB-VRX column (30m×0.25mm×1.4 µm) was used for GC separation, initially starting at 37˚C held for 3 minutes; the temperature was increased at 15˚C/min up to 225˚C and held for 2 minutes. The flow rate of the carrier gas (ultrahigh purity helium) was set as 1.5 mL/min. The sulfur compounds determined by TD-GC-SCD system include carbonyl sulfide, hydrogen sulfide, merthyl mercaptan, ethyl mercaptan, dimethyl sulfide, carbon disulfide, 2-methyl-2-propantiol, ethyl methyl sulfide, 2-butanehiol, 1-butanethiol, dimethyl disulfide, ethyl methyl sulfide, diethyl disulfide, and dimethyl trisulfide. Their quantifications were based on high-purity individual liquid standards purchased from Sigma-Aldrich, Arkema Inc. or SAFC Supply Solutions using the dynamic injection sample preparation method [52] .
Calculation of odour emission contribution
Based on the measurements, odour unit factor was calculated for all quantifiable components using the equation where is the odour unit factor of an odourant; is concentration (mg/m 3 ); i OT is the odour threshold concentration (mg/m 3 ). Contribution of an odorant to total odours can be calculated as
where is the contribution of an odorant to total odours.
3．Results and Discussion

Identified odorants
Over 130 VOCs and VSCs were detected from the gas samples collected from the leachate pipe; among which at least 49 of them are documented odorants (Table 3 ). These compounds are mainly hydrocarbons (29) , sulfur compounds (15) , halogenalkanes (2) , and oxygenated hydrocarbons (3) . Table 4 lists odorants found in the flux hood emission samples of collected leachate sample. Comparing with the field gas sample results (Table 3) , it can be seen that much less odorous compounds were identified. The reason for this may be: (1) some of odorants had mostly evaporated after the leachate was stored in the leachate dam for a period of time; (2) the leachate in the dam had been diluted by rain water; (3) most of odorants had low evaporation ability or they were trapped in the liquid phase when the emission test was carried out; (4) field gas sample may also include landfill gases that appear unusually in the leachate.
Almost all of these odorous VOCs were detected by many of previous researchers from the landfill gases although not all of them had been mentioned to be odorous.
In total, 17 sulfur compounds were detected form field gas samples, of which 14 VSCs (only 12 were listed in Table 3 because ethyl methyl disulfide and diethyl disulfide had not been quantified as they only showed small peaks) were detected by TD-GC-SCD method and 3 more (sulfur dioxide, 1-propanethiol and 2-propanethiol) were detected by TD-GC-MS.
Apart from the common sulfur compounds like H2S, methyl mercaptan, dimethyl sulfide (DMS), CS2, and dimethyl disulfide (DMDS) reported by other researches, this study also detected other VSCs with very limited reports such as cabonyl sulfide by [2, 24] ; ethyl mercaptan, 2-methyl-2-propanthiol, 2-butanethiol by [2] ; 2butanethiol by [2, 27] ; 1-butanethiol by [24, 42] ; DES by [4] ; DMTS by [8, 30] . Ethyl methyl disulfide could be firstly detected from landfill as it was not on the listed sulfur compounds detected in previous studies. This may be because GC-SCD is the extremely powerful tool to characterise and quantify a wide range of low-level sulfur species in gaseous streams [53] 
Contributions of key odorants
49 odorants from emission gas samples collected from landfill leachate collection pipe and 8 odorants from flux hood emission samples of the collected leachate sample were identified. Their contributions to the overall odour were determined based on their odour unit factors calculated from their concentrations and odour thresholds. The top 10 odorants are methyl mercaptan, ethyl mercaptan, m-xylene, H2S, CS2, 1,2,3,4-tetra-methylbenzene, pxylene, 1,2,4-trimethylbenzene, ethylbenzene and α-pinene, which contributed more than 95% odour in the gas accumulated in the leachate collection pipe.
It may also need to remember that the calculation here was carried out on the basis of these assumption and facts:
• The key odorants investigated are only these compounds and contributions from other compounds are ignorable; • The contributions of these odorants are additive to overall odour. Possibility of synergic or antagonistic as [54] found between these odorous compounds did not take into account because it is really hard to determine if the same function still exist when so many of different odorous compounds combine together. • Available odour thresholds (even from different references) of these compounds are trustable and comparable. In order to avoid possible inconsistency and ensure reliability, most of OT values (Table 3 and Table 4 ) were quoted from [45] as they were obtained using the same triangular bag method.
Sampling and analytical method assessment based on the investigation results
For VOCs sampling and analysis, significant (>10%) breakthrough of the analytes in the second sampling tube was found despite a relatively low sample volume being collected (1 L). Figure 1 illustrates a pair of series sorbent tubes; the upper trace representing the front (first exposed to the sample stream) and the lower trace representing the back (second tube in series) tube. Both chromatograms are displayed on identical axes; despite the apparently low concentrations in the back (second tube in series) tube, the magnitude is significant. This tells us that more sampling options should be considered and managed properly when sampling from an unknown source in case of under-estimation or over-estimation of investigation sources.
Figure 1 Total ion chromatograms from gas phase field samples
The results of the chemical speciation that have been performed on the gas samples collected on-site and the emission from the leachate collected indicate that the VOC and VSC emissions associated with the fugitive landfill gas were significantly greater than those from the leachate. This may also indicate that emissions from leachate are much complicate and different sampling and analytical method may give quiet different results.
As the differences between the Table 3 and Table 4 shows, different sampling and analytical methods may find quite different emission results. This also indicates that more sampling and measurement techniques are always better to be employed for finding all possible pollutants from an unknown pollution source.
Conclusions
Over 130 VOCs and VSCs were detected from the leachate emission of a landfill site in Sydney, Australia. 49 of them from landfill leachate collection pipe and 8 of them from flux hood emission were found to be odorous. The contributions of these odorants to overall odour emissions were also calculated based on their concentrations and odour thresholds. The top 10 odorants from leachate transportation pipe include methyl mercaptan, ethyl mercaptan, m-xylene, H2S, CS2, 1,2,3,4-tetra-methylbenzene, p-xylene, 1,2,4trimethylbenzene, ethylbenzene and α-pinene. They contributed more than 95% of the odour in the gas accumulated in the leachate collection pipe. Different results of different sampling and analytical methods indicates that more sampling and measurement techniques are always better for determination of the all possible pollutants from an unknown pollution source.
